a Cubic fluorite-type phases have been reported in the U IV O2-Bi2O3 system for the entire compositional range, but an unusual non-linear variation of the lattice parameter with uranium substitution has been observed. In the current extensive investigation of the uranium(IV) oxide -bismuth (III) oxide system, this behaviour of the lattice parameter evolution with composition has been confirmed and its origin identified. Even under inert atmosphere at 800 o C, U IV oxidises to U V /U VI as a function of the substitution degree. Thus, using a combination of three methods (XRD, XANES and Raman) we have identified the formation of the BiU V O4 and Bi2U VI O6 compounds, within this series. Moreover, we present here the Rietveld refinement of BiU V O4 at room temperature and we report the thermal expansion of both BiU V O4 and Bi2U VI O6 compounds. Fig. 7 Rietveld refinement of BiUO 4 . Comparison between the observed (Yobs, in red) and calculated (Ycalc, in black) X-ray diffraction pattern of BiUO 4 phase. Yobs-Ycalc (in blue) is the difference between the experimental and calculated intensities. The Bragg reflections are marked in black ticks.
Introduction
The Bi-U-O ternary system came to our attention in the frame of the safety assessment of lead bismuth eutectic (LBE) cooled fast reactors. The LBE cooled fast reactors concept is one out the systems being developed in Europe within the European Sustainable Nuclear Industrial Initiative (ESNII) and is the coolant of choice for the MYRRHA reactor project in Belgium. 1 Thus, the phase relations in the Pb-Bi-U-Pu-O system should be studied in detail, in order to identify possible phases that could be formed during inadvertent fuel (MOX) -coolant (LBE) interactions. 2 Very few compounds have been identified in the Bi-U-O ternary system to date. Bismuth(III) monouranate, Bi 2 U VI O 6 , is the only compound well characterized from a crystallographic point of view and has been prepared by several high-and low-temperature procedures. [3] [4] [5] [6] [7] It was reported to exist in two closely related crystalline modifications. The room temperature form, -Bi 2 UO 6 (space group C2) 8 undergoes a phase transition above 600 o C into the -form (P-3 space group) [8] [9] For this compound, the heat capacity was measured and a number of thermodynamic functions have been reported recently. 10 BiU V O 4 has been prepared and reported to have a defect fluorite structure (Fm-3m) at room temperature. [11] [12] The pentavalent oxidation state of uranium was deduced from the coproportionation reaction between stoichiometric amounts of UO 2 , U 3 O 8 , and Bi 2 O 3 . Further magnetic susceptibility measurements indicated a paramagnetic behaviour, 13 consistent with the pentavalent oxidation state of uranium. However, no Rietveld refinement has been published for this compound to date.
Cubic fluorite-type phases have been reported in the system U IV O 2 -Bi 2 O 3 for the entire compositional range by Hund. 14 The non-linear variation of the lattice parameters observed in this study was explained based on the fact that the substitution increases the amount of anionic vacancies with increasing Bi 2 O 3 content. However, this explanation assumes that the uranium remains in oxidation state IV in the synthesised powders. Thus, we initiated a comprehensive study on the oxidation states in the Bi-U-O system, focused on both uranium and bismuth. We present here the solid state synthesis of different compositions in the Bi-U 
Materials and methods

Synthetic procedures
The uranium(IV) oxide -bismuth(III) oxide solid solutions were produced using the solid state reaction procedure previously reported (Hund) . 14 For the measurement, the powder was deposited on a silicon wafer to minimize the background and dispersed on the surface with several drops of isopropanol. The structural refinement was performed using the Fullprof2k suite. The shape of the peaks was described by a Pseudo-Voigt function and the background was fitted based on linear interpolation between a set of about 50 background points. The scattering factors of all elements were used.
The thermal expansion of BiUO 4 and -Bi 2 UO 6 was followed by high-temperature X-ray diffraction experiments. The data were collected on a second Bruker D8 X-ray diffractometer mounted with a curved Ge (1, 1, 1) monochromator, a copper ceramic X-ray tube ( 
HR-XANES spectroscopy
Uranium M IV edge
The U M IV (3728 eV) high energy resolution XANES (HR-XANES) spectra were recorded at the KIT INE-Beamline for actinide research at the ANKA synchrotron radiation facility (Karlsruhe, Germany) on 5 mg of powdered samples mixed with 20 mg of BN. The HR-XANES spectra have been collected using an Johann type multi-analyser Xray emission spectrometer (MAC-Spectrometer). [15] [16] [17] The incident Xray beam was monochromatized by a Si(111) double crystal monochromator (DCM) and focused to 500 x 500 µm onto the sample. The MAC-Spectrometer comprised five spherically bent Si(220) analyser crystals with 1 m bending radius and a single diode silicon drift detector (KETEK VIRUS SDD). These two components and the sample were arranged in a vertical Rowland circle geometry and placed in a glove box filled with helium. Continuous helium flow has maintained a constant 0.1% O 2 content in the box during the experiments. The DCM was calibrated by setting 3724.5 eV to the maximum of the most intense absorption resonance (white line, WL) of a HR-XANES spectrum pf a UO 2 reference compound. A short HR-XANES spectrum and a normal U M β (~3337 eV) emission lines of this reference were measured after each sample. Normal emission lines were also measured before the HR-XANES spectra for each sample in order to monitor the stability of the spectrometer. The U M IV HR-XANES spectra were obtained by recording the intensity of the U M β emission line as a function of energy of the incident X-ray beam. The HR-XANES method is also often designated as high energy resolution fluorescence detected XANES (HERFD-XANES) or partial fluorescence yield XANES (PFY-XANES). The presented spectra have been normalized according to the maximum of the white line using the ATHENA software. 18 This method provides unique qualitative informations about the oxidation states present in the systems. The spectra of (U IV ,U V ) 4 XANES data were recorded at the European Synchrotron Radiation Facility (ESRF, France). 5 mg of powdered sample were mixed with boron nitride (BN) and pressed into pellets for XANES measurements. The storage ring operating conditions were 6.0 GeV and 160-200 mA. The XANES spectra were recorded at room temperature in transmission mode at the ROBL beamline dedicated to actinide elements. 21 A double crystal monochromator mounted with a Si (111) crystal was used. The energy calibration was achieved using platinum (Pt L II edge: 13273 eV) and yttrium (Y K edge: 17038 eV) foil inserted between the second and third ionization chambers. For each XANES measurement, the spectra of the reference foil were systematically collected at the same time.
Background subtraction and normalization have been achieved with ATHENA. To determine the oxidation states of bismuth, XANES spectra edges were compared to those of reference samples, i.e. Bi 
Raman spectroscopy
Raman spectra were measured with a Jobin-Yvon® T64000 spectrometer used in the single spectrograph configuration. The excitation source was a Kr + Coherent® continuous wave laser radiating at 647 nm, with a controllable nominal power, usually set to 100 mW at the exit of the cavity. The power impinging the sample surface was lower by approximately a factor 5. Spectra were measured in a confocal microscope with a 50-fold magnification and long focal distance (1 cm). This feature permits a good spectral resolution (± 2 cm -1 ) independently of the surface shape, with a spatial resolution of 2 µm x 2 µm on the sample surface. The spectrograph angle was calibrated with the T 2g excitation of a silicon Please do not adjust margins Please do not adjust margins single crystal, set at 520.5 cm -1 . 22 The instrument is calibrated on a daily basis prior to measurement. Typical integration times ranged from 20 to 45 seconds with 3 cycles.
Scanning Electron Microscopy
A Philips XL40 Scanning Electron Microscope equipped with Energy Dispersive X-ray Spectroscopy (EDS) was used. The sample grains were deposited on the usual carbon sticker and covered with Carbon to avoid charging. Each sample was observed at different magnifications and EDS analysis performed to confirm its homogeneity, comparing the elemental composition on the general view with those from smaller regions.
Results and discussions
Elucidation of the non-linear behaviour of the lattice parameters in the uranium oxide -bismuth(III) oxide solid solution
Compositional characterisation
The relative chemical composition of the obtained Bi-U-O samples, as determined by SEM-EDS, is: (1) (9) Bi 0.85 U 0.15 O 1.70 . The oxygen content was established based on the relative ionic metal composition (as determined by SEM-EDS) and their oxidation states (determined by XANES) as will be explained below (for the samples (1), (3), (5), (6), (7) , and (8) -direct measurements, while for the samples (2), (4), and (9)extrapolated).
XRD study
As already mentioned, cubic fluorite-type phases have been reported in the U IV In almost all the compositions, syntheses lead to the formation of well crystalline Bi-U-O solid solutions with a fluorite structure (inset Fig. 1 ). As this structural description comes from diffraction data, it only describes an "average" of the atomic organisation on a long distance. Being a solid-solution of uranium and bismuth, there is a shared crystallographic position of the cations, i.e. a random distribution of the two elements in space.
Only Bi 0.67 U 0.33 O 2.00 crystallises in a specific structure with a monoclinic space group. As illustrated in Fig. 2 , the former structure is strongly fluorite related. For this reason, despite the poor quality of the refinement in Fm-3m space group, the deduced lattice parameter obtained with this approach has been introduced in Fig.  1 for comparison with other compositions. Nevertheless, the monoclinic structure obtained for this composition (S.G. C2, a= 6.889(3) Å, b= 4.007(4) Å, c= 9.691(5) Å, β= 90.13(3)°) strongly suggest the formation of the monoclinic form of the U VI compound -Bi 2 UO 6 . [8] [9] [10] This hypothesis is at first quite surprising, having in mind the synthesis method (reaction of stoichiometric amounts of commercial -Bi 2 O 3 oxide and UO 2.10 at 800 o C under argon atmosphere). However, the oxidation state VI of uranium has been confirmed with XANES, as it will be presented in the next part. The source of the uranium oxidation are likely small amounts of molecular oxygen contained in the argon atmosphere. Fm-3m ). Despite a better description of the structure in the monoclinic space group, this second refinement highlights that the structure is fluorite related.
XANES measurements
In order to investigate the oxidation states of uranium and bismuth, we performed an extensive Bi L III and U L III XANES and U M IV HR-XANES analysis for seven selected compositions. Unfortunately, the sample with the highest bismuth content could not be measured during the U M IV HR-XANES experimental campain. Table 2 . These results, together with those obtained from SEM-EDS analysis, were used to calculate the oxygen content within the different Bi-U-O compositions used during this study.
Valence state of uranium
As previously reported 19, 20 herein we demonstrate that that the uranium oxidation states can be characterized using the U M IV edge HR-XANES technique. The HR-XANES spectrum of U IV O 2 has a pronounced peak at 3724.5 (2) eV, due to the electronic transitions from the 3d 3/2 core level to the unoccupied 5f states. The (U IV ,U V ) 4 O 9 HR-XANES spectrum depicts a peak at the same energy position characteristic of U IV and also a peak at 3725.5 (2) Regarding the Bi 0.50 U 0.50 O 2.00 sample, its white line is a symmetric peak well aligned with the U V peak of (U V ,U VI ) 3 compositions have similar energy positions of their absorption edges and overall shapes. This is an indicator that the local structure of these materials is very close. However, the white lines of the remaining samples are totally different and are shifted from one another, suggesting a different local environment for each composition. 
Raman spectroscopy
The Raman spectra of the samples are shown in Fig. 5 . Samples with high uranium content (up to a molar ratio Bi:U= 1:1) reflect very poorly, 24 which explains the poor quality of their spectra (dashed black lines in Fig. 5 ). These spectra are compared with a spectrum from a polished surface of a pure commercial UO 2 pellet, shown in the thick bottom line in Fig. 5 . Despite the noise, it can be seen that all these spectra are dominated by a band roughly centred at 445 cm -1 , which is assigned to the T 2g anti-symmetric U IV -O stretching vibration typical of eight-fold coordinated uranium in the fluorite structure. It has been observed many times in UO 2 and isomorphous compounds. [25] [26] [27] [28] [29] [30] Factor group theory 31 indicates that it is the only Raman active mode in the Fm-3m space group. As Bi III is dissolved in the UO 2+x lattice, this band broadens and its peak position shifts towards slightly higher energy. Nonetheless, the fact that the T 2g band dominates the spectrum indicates that a fluorite structure is maintained for Bi 0. 15 At higher bismuth content, a different spectral form is observed (presented in green in Fig. 5 , with the former being slightly larger than ionic radius of U IV CN8 = 1.00 Å. In U 0.5 Bi 0.5 O 2 the average distance M-O is 2.372 Å. The X-ray diffraction pattern with Rietveld refinement is shown in Fig. 7 and fitting results are provided in Tables 3 and 4 . For oxygen atoms the displacement parameter B iso is high, suggesting local disorder in agreement with the Raman observations. The evolution of the unit-cell volume of X III UO 4 phases as a function of eight-fold coordinated cationic radius ( Fig. 8) with temperature is presented in Fig. 9 . The transition temperature of -Bi 2 UO 6 (C2 space group) to -Bi 2 UO 6 (P-3 space group) occurs between 600 and 800 o C, while the cubic BiUO 4 start to decompose into two phases above 700 o C. The expansion is more limited along the a and b directions compared to c, because of the edge-sharing of the UO 8 polyhedra (the thermal expansion along the c axis is more pronounced because of the layer structure of -Bi 2 UO 6 ).
Trivalent bismuth, which is seven-fold coordinated, is poorly bonded to oxygen. 
Conclusions
The LBE cooled fast reactor concept is the basis of the MYRRHA reactor project in Belgium. As a part of the safety assessment for such reactors, detailed knowledge of potential lead and bismuth uranates/ plutonates phases that could form in the event of a pin breach is needed. The present work completes our study performed in order to identify potential reaction products in the Bi-Pb-U-Pu-O system for the safety assessment for LBE cooled fast reactors.
In the current extensive investigation of the uranium(IV) oxidebismuth(III) oxide system, the unusual behaviour of the lattice parameter variation with composition as observed by Hund 14 has been confirmed and its origin identified in the oxidation state of uranium. Even under inert atmosphere at 800 o C, U IV oxidises to U V /U VI as a function of the substitution degree. We have identified the formation of the BiU V O 4 and Bi 2 U VI O 6 compounds, within this series. All the compositions crystallise in a fluorite-related structure, but the actual symmetry of Bi 2 U VI O 6 is monoclinic. Raman spectrometry indicates changes in the local symmetry from six-fold uranium coordination to an eight-fold coordination (deduced as a function of composition) which is not observable in the long range ordering (probed by XRD). EXAFS or neutron diffraction measurements are needed in order to give more details on the local structure in those compositions.
